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Abstract The phloem-feeding by greenbug (Schizaphis
graminum) elicits unique interactions with their host
plants. To investigate the expression profiles of sorghum
genes responsive to greenbug feeding, two subtractive
cDNA libraries were constructed through different
combinatorial subtractions in a strong greenbug resis-
tance sorghum M627 line and a susceptible Tx7000 line
with or without greenbug infestation. A total of 3,508
cDNAs were selected from the two cDNA libraries, and
subsequent cDNA microarray and northern blot anal-
yses were performed for identification of sorghum genes
responsive to greenbugs. In total, 157 sorghum tran-
scripts were identified to be differentially expressed by
greenbug feeding. The greenbug responsive genes were
isolated and classified into nine categories according to
the functional roles in plant metabolic pathways, such as
defense, signal transduction, cell wall fortification, oxi-
dative burst/stress, photosynthesis, development, cell
maintenance, abiotic stress, and unknown function.
Overall, the profiles of sorghum genes, responsive to
greenbug phloem-feeding shared common identities with
other expression profiles known to be elicited by diverse
stresses, including pathogenesis, abiotic stress, and
wounding. In addition to well-known defense related

regulators such as salicylic acid, jasmonic acid, and ab-
scisic acid, auxin and gibberellic acid were also involved
in mediation of the defense responses against greenbug
phloem-feeding in sorghum.

Keywords cDNA subtraction Æ Microarray analysis Æ
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Introduction

The aphid greenbug, Schizaphis graminum (Rondani),
has been reported as one of the serious threats to staple
crops, including sorghum (Sorghum bicolor) (Stone et al.
2000). Greenbug damage causes tremendous economic
losses in sorghum production to the amount of
approximately $21.3 million annually in Texas alone
(Katsar et al. 2002). In addition, aphids transmit more
than 275 viruses in a non-persistent manner via saliva-
tion during intercellular phloem-feeding (Powell 2005).
The greenbug is a typical phloem-feeder, which uptakes
photoassimilates and other liquid substances mainly
from phloem sieve elements in plants (Miles 1999). A
detailed understanding of molecular defense mecha-
nisms against aphid phloem-feeding in sorghum will
help to develop durably resistant sorghum cultivars
against aphids.

Due to their sessility, plants cannot avoid the sur-
rounding threats actively. Instead, plants operate elab-
orate defense systems against diverse biotic and abiotic
stresses by orchestration of signal pathways, leading to
the activation of versatile defense responses. The cros-
stalk between signal pathways elicited by molecular
regulators in plants has been widely issued. To defend
against the numerous types of challenges, plants develop
efficacious defense systems via the crosstalk amongst
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endogenous signal molecules such as salicylic acid (SA),
jasmonic acid (JA), ethylene (ET), nitric oxide (NO),
and reactive oxygen species (ROS) (Reymond and
Farmer 1998). For instance, antagonistic relationship
was observed between SA dependent resistance on
pathogenesis and JA dependent resistance on insect
feeding in tobacco plants (Schenk et al. 2000). In several
studies, SA suppressed JA and ET dependent signal
pathways and vice versa (Dmitriev 2003). Analysis of
promoter sequence regions in cytochrome P450 genes,
which responded to either biotic-, abiotic-stress, or both
stresses, verified that the promoter regions contain
common regulatory motifs (Narusaka et al. 2004).

Compared to the extensive progress in molecular
biological understanding of plant defense mechanisms in
response to pathogen attack, molecular interpretation of
plant defense responses against insect feeding has been
much less accomplished (Kessler and Baldwin 2002).
The plant defense responses against insect herbivory are
known to be controlled by multiple molecular regula-
tors, including JA, SA, ET, and ROS (Walling 2000).
The plant hormone SA plays a crucial role in the
expression of defense genes responding to pathogen at-
tack (Hammond-Kosack and Jones 1996). Accumula-
tion of SA in plants elicits local hypersensitive responses
(HR) and systemic acquired resistance (SAR) (Maleck
and Dietrich 1999). JA is known to conduct direct de-
fense responses, including synthesis of toxic compounds
to insects, against herbivores in plants (Stotz et al. 1999;
Turner et al. 2002). Ryan (2000) found that systemin
released from wounding sites by insect feeding invoked
elicitation of signal cascades for production of JA via the
octadecanoid pathway. ET plays a pivotal role in plant
development and growth (Ecker 1995). Inhibition of ET
biosynthesis resulted in a significant reduction (<30%)
of JA accumulation in wounding sites (Wang et al.
2002). JA and ET showed a synergistic relationship in
the production of proteinase inhibitors and defensins in
Arabidopsis (Penninckx et al. 1998). The crosstalk be-
tween molecular regulators is a complex process that
shows versatile correlations. Silencing gene expression of
tobacco phenylalanine ammonia lyase gene (PAL) cat-
alyzing initial step of the phenylpropanoid biosynthesis
weakened accumulation of endogenous SA in concur-
rence with an increment of JA biosynthesis (Felton et al.
1999). SA inhibited an enzymatic action of 13S-hydro-
peroxide dehydrogenase, leading to a blockage of
conversion from 13S-hydroperoxylinolenic acid to
12-oxo-phytodienoic acid (OPDA), which is a precursor
of JA biosynthesis (Pena-Cortes et al. 1993). Inhibition
of proteinase inhibitors elicited by JA and methyl-JA
(MeJA) occurred by SA and acetyl-SA treatment
(Doares et al. 1995). During insect herbivory, ROS was
produced and played an important role in signaling, by
acting as intercellular messengers (Reymond and
Farmer 1998; Walling 2000). Activation of NADPH
oxidase by wounding results in bursting of ROS,
including hydrogen peroxide, and hydrogen peroxide
accumulation induces subsequent biosynthesis of JA,

leading to the expression of defense genes against insect
feeding (Orozco-Cardenas et al. 2001; Turner et al.
2002). Plants utilize blends of volatiles comprising
terpenes and fatty acid derivatives in response to insect
feeding (Pichersky and Gershenzon 2002). The volatiles
serve as detergents to herbivores, attractants to natural
enemies of herbivores, and messengers to neighboring
plants (Pare and Tumlinson 1999).

Aphids occupy about half of the insect biotypes on
cultivated crops (Shufran et al. 2000). Nevertheless, little
is known about the molecular responses to aphid
phloem-feeding in plants. Unlike chewing herbivory that
produces extensive damage on plant tissues, aphids
cause minor injury while feeding. Thus, plants recognize
greenbug feeding as a pathogenic infection, and
sequential defense responses are enforced via signal
cascades elicited by SA, JA, and ET (Walling 2000). In
Arabidopsis, an analysis of expression profiling in re-
sponse to aphid phloem-feeding suggested that arrays of
genes induced by oxidative stress, calcium-dependent
signals, and pathogenesis were prevalent in the profiles
(Moran et al. 2002). It has been known that plant de-
fense responses against insect feeding are not only in-
duced by tissue damages but also by insect saliva and
regurgitants (Miles 1999; Halitschke et al. 2001). The
saliva of greenbugs contains non-enzymatic reducing
compounds, lipase, oxidases, and enzymes depolymer-
izing polysaccharides, such as pectinase and cellulase
(Miles 1999). Zhu-Salzman et al. (2004) demonstrated
that greenbug feeding on sorghum activated JA- and
SA-regulated genes, likely linked to the host defense
responses. Normal allocation of carbon and nitrogen in
alfalfa was disrupted by aphid feeding and subsequent
morphological modifications followed (Girousse et al.
2005). Expression profiling of sorghum genes associated
with treatments by MeJA, SA, and aminocyclopropane
carboxylic acid demonstrated that both synergistic and
antagonistic effects were appeared in the expression of
genes induced by SA or MeJA (Salzman et al. 2005).

This study pursued further understanding of sor-
ghum molecular defense mechanisms in response to
greenbug phloem-feeding. Using two different sorghum
lines, M627 (resistant) and Tx7000 (susceptible), two
subtractive cDNA libraries were constructed. The
subsequent cDNA microarray analyses were performed
based on the subtracted cDNA clones. Then, northern-
blot analyses were employed to confirm the data ob-
tained from the microarray analyses. Sorghum genes
that showed differential expression levels in response to
greenbug feeding were identified by database searches,
and then classified into functional categories. The re-
sults of this study suggest that the defense responses
against greenbug phloem-feeding in sorghum are
coordinately modulated by versatile molecular regula-
tors such as SA, JA, ROS, ABA, GA, and auxin. It is
also suggested that greenbug phloem-feeding is
accompanied by multiplex stresses similar to wounding,
drought, oxidative stress, pathogenesis, water stress,
and insect herbivory.
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Materials and methods

Plant growth and aphid culture conditions

Seeds from the two different sorghum (S. bicolor) lines
(M627 and Tx7000) were planted (25 seeds per pot) on
potting compost in plastic pots with cages (6 in diameter
and 5.5 in depth). The sorghum M627 line is a strong
greenbug resistance line (http://www.dowagro.com/my-
cogen/sorghum/grain.htm). On the other hand, the sor-
ghum Tx7000 line has a high susceptibility to greenbug
phloem-feeding (http://esa.confex.com/esa/2001/tech-
program/paper_1814.htm). Seedlings were grown in a
greenhouse for 10 days at 29�C and 60% relative
humidity in a 14 h-light/10 h-dark photoperiod. Biotype
I greenbugs are known to be the most widely spread
currently in the USA (Tuinstra et al. 2001), and were
raised on susceptible young barley seedlings in a growth
chamber for 11 days at 30�C and 60% relative humidity
in a 14 h-light/10 h-dark photoperiod.

Aphid infestation on plants

For infestation, greenbugs were placed on sorghum
seedlings (10-day-old) with a paint brush. To maintain a
heavy infestation, approximately 30 greenbugs were
confined on each seedling. Greenbugs were removed at
12, 24, and 72 h after greenbug introduction. Tissues of
sorghum seedlings above soil were collected, and then
frozen immediately in liquid nitrogen and stored at
�80�C prior to use.

Construction of subtractive cDNA libraries

Total RNA was extracted from 72 h greenbug-infested
sorghum seedlings of M627, Tx7000, and non-infested
M627, respectively, which were collected at the same
time. Seedlings were ground into a fine powder in liquid
nitrogen and total RNA was extracted using Trizol re-
agent (Invitrogen, Carlsbad, CA, USA). Then, mRNA
was isolated using Poly (A) Purist kit (Ambion, Austin,
TX, USA). The cDNA subtraction was carried out using
the PCR-Select cDNA subtraction kit (Clonetech, Palo
Alto, CA, USA) according to the manufacturer’s rec-
ommendations. In brief, the two different cDNA sub-
tractions were carried out based on a scheme that
mRNA isolated from the greenbug-infested M627,
which was used to produce ‘tester’ cDNA, and mRNA
from the infested Tx7000 or non-infested M627, which
was used to synthesize ‘driver’ cDNA, respectively. Two
rounds of sequential PCR amplifications were followed
on the basis of normalized cDNAs for selective ampli-
fication. The resultant PCR products were cloned into
the pCR2.1 TA vector (Invitrogen) and transformed
into E. coli TOP10 cells (Invitrogen). Transformed cells
were cultured in a liquid LB medium (Tryptone 10 g,

yeast extract 5 g, NaCl 10 g in 1 l LB supplemented with
270 lM ampicillin), and further screening of trans-
formed cells was accomplished by blue-white screening.
Transformed cells were stored in a liquid LB medium
containing 8% glycerol.

Amplification of cDNA inserts and preparation
of cDNA microarray

Differentially expressed cDNAs ligated to the vector
pCR2.1 were isolated by PCR amplifications using
Nested-1 and -2R primers (Invitrogen). In addition,
plasmids from the Arabidopsis functional genomic con-
sortium (AFGC) microarray control set were isolated by
PCR amplification, and then purified for use as normal-
ization controls (spikes 1 and 3). Lysates of transformed
cells were used directly as DNA templates for PCR
amplifications. PCR products were inspected by agarose
gel electrophoresis (data not shown). Fifty microliters of
each PCR product was mixed with 125 ll ethanol and
5 ll of 5 M NH4OAc. This mixture was blended by pip-
peting, and then stored at �80�C for 1 h DNA pellets
were recovered by centrifugation at 9,000 rpm for
10 min. After washing with 70% ethanol, the pellets were
resuspended in 12 ll distilled water. A concentration of
20· SSC (3 MNaCl, 0.3 M sodium citrate) was added to
the resuspended PCR products to a final concentration of
3· SSC. Each cDNA clone was printed three times on
amino-silane coated slides (Corning Incorporated,
Acton, MA, USA) at the same interval using the
GeneMachinesOmniGrid 100 system (Genomic solution,
Ann Arbor, MI, USA) for technical replication. After
printing, the slide was rehydrated with hot vapor and
snap dried on a hot plate at 80�C. Then, the slide was
baked at 80�C overnight to immobilize the cDNAs.

Preparation of probes and microarray hybridization

Microarray probes were produced from total RNA of
seedlings from 72 h-greenbug-infested M627 and
Tx7000, as well as from non-infested M627. One
hundred micrograms of the total RNA from each sam-
ple was converted to cDNA using the Array 350
hybridization kit (Genisphere, Hatfield, PA, USA). In
addition, two in vitro transcribed normalization controls
(spikes 1 and 3) were prepared using the Riboprobe
invitro transcription systems (Promega, Madison, WI,
USA), and 100 pg of each control was mixed to the total
RNA of each sample for normalization. During reverse
transcription, a capture sequence was introduced to the
cDNA probes to arrest Cy5 and Cy3 dyes using primers
containing a capture sequence. The cDNA probes were
mixed together with hybridization buffer (50% form-
amide, 8· SSC, 1% SDS, 4% Denhardt’s solution),
LNA dT blocker, and nuclease free water. This mixture
was transferred to the slide. A 24·60 mm cover slip
(Grace Bio Lab, Bend, OR, USA) was carefully placed
on the slide without creating any bubbles, and the slide
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was incubated at 42�C overnight. After the hybridiza-
tion, stringent washes were followed according to the
manufacturer’s instructions. Each hybridization reaction
was repeated twice for biological replication. Probes for
the replicate hybridizations were prepared from two
independently cultured samples.

Microarray scanning and data analysis

Microarray slides were scanned using the ScanArray
Express (Perkin-Elmer, Wellesley, MA, USA) installed
with two lasers (Cy5 and Cy3) aiding with the ScanAr-
ray Express program (Perkin-Elmer). Normalization of
signal intensity values was performed using the internal
controls (spikes 1 and 3) spotted on the slide by modu-
lating laser power and photo multiplier tube (PMT) until
the intensity ratios of both controls were as close to 1.0
as possible in order to calibrate biased signal intensities
of two channels in the beginning of the scan. Further
normalization was accomplished by subtracting back-
ground noises from each signal intensity of cDNA fea-
tures printed on the slide using a normalization feature
of the GenePix Pro program (version 4.0) (Axon
Instrument, Union City, CA, USA). Pre-processing of
the normalized microarray data was accomplished using
GenePix Auto processor (GPAP) (http://darwin.bio-
chem.okstate.edu/gpap) (Ayoubi et al, unpublished
data). This pre-processing included: (1) removal of bad
quality spots; (2) removal of data where the fluorescence
signal intensities in both channels were less than the
background, plus two standard deviations; (3) removal
of data where the signal intensities in both channels were
less than 200 Relative Fluorescence Units; (4) log2
transformation of the background subtracted and nor-
malized signal intensity median ratios.

DNA sequencing and database search

The cDNA clones showing differential expression were
subjected to sequencing reactions using the BigDye ter-
minator sequencing kit (Applied BioSystem, Foster
City, CA, USA) and ABI Model 3700 DNA Analyzer
(Applied BioSystem). The database search was per-
formed on the basis of the cDNA sequences using
BLASTX and BLASTN. BLASTN was used in the case
of absence of any matched hits when performing
BLASTX. All cDNA sequences were submitted to the
GenBank dbEST, and accession numbers are listed in
Table 1.

Northern-blot analysis

Total RNA was isolated from seedlings collected after
three different time points of greenbug infestation (12,
24, and 72 h), as well as from non-treated control sor-
ghum materials (10-day-old) in the same manner as
above, respectively. Approximately 10 lg of total RNA

per sample was fractionated in a 1% agarose gel
containing 1.1 M formaldehyde, and then transferred to
an Hybond-N+ membrane (Amersham Biosciences,
Piscataway, NJ, USA) using the alkaline solution (3 M
NaCl and 0.01 N NaOH) transfer method. Probes were
labeled with 32P-dCTP (Perkin-Elmer) using PCR
amplification of cDNA inserts from the pCR2.1 vector
and hybridized to the membrane soaked with 2 ml of the
UltraHyb buffer (Ambion) at 42�C overnight. Then, the
hybridized blots were washed with 2· SSC/0.1% SDS at
65�C and 0.1· SSC/0.1% SDS at 60�C and exposed on a
Kodak BioMax MS film (Kodak, Rochester, NY, USA)
at �80�C overnight.

Results

Expression profiling of sorghum genes responsive to
greenbug phloem-feeding

In this study, two different sorghum lines known to
possess different characteristics on greenbug resistance
were used to profile greenbug responsive genes for better
understanding of sorghum defense mechanisms against
greenbug feeding. Seedlings of the sorghum M627 line
showed a few necrotic spots and maintained healthy
green color after 72 h of greenbug-infestation, but those
of the Tx7000 line exhibited widespread necrotic spots
and severe wilting under the same treatment (Fig. 1b, c).
Two subtractive cDNA libraries enriched in genes
responsive to greenbug feeding were constructed from
the sorghum lines, M627 and Tx7000. A collection of
3,508 cDNA clones were obtained from the cDNA
libraries and printed on specially designed glass slides
for the microarray analyses.

Based on the collected cDNAs, two microarray
analyses were performed. Each microarray analysis was
designed to investigate the expression patterns of
transcriptome profiles from two different combinations
of sorghum plants, greenbug infested M627 (Mi) versus
non-greenbug infested M627 (Mni) and Mi versus
greenbug infested Tx7000 (Ti). In the microarray analy-
ses, expression profiles of sorghum genes showing
induction or suppression in response to greenbug feeding
were investigated. To increase the reliability and consis-
tency of the microarray analyses, application of multiple
replicates was adopted following the suggestion (Ting
Lee et al. 2000). To perform each microarray analysis,
two independently prepared biological replicates and
three technical replicates were used to minimize the ver-
satility of results. To avoid technical bias of intensity
ratios between Cy5- and Cy3-fluors, the intensity ratio of
each clone was normalized using two normalization
control features (spikes 1 and 3) synthesized from two
human genes encoding B-cell receptor-associated protein
and myosin light chain 2, respectively, and spotted on the
slide. In addition, a significance of correlation in the
expression fold changes among the replicates of each
cDNA was considered by the statistical analyses
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provided in the GPAP. In this study, genes were con-
sidered to be differentially regulated if the intensity ratios
of cDNA clones from the microarray analyses showed
more than 1.8-fold changes toward up or down. Two
scatter plots representing signal intensity patterns of
features on the slide for the microarray analyses are
shown (Fig. 2a, b). On an average, approximately 18%
(651/3,508) of the transcripts were found to be up- or
down regulated more than 1.8-fold by greenbug feeding
in the microarray analyses. In total, we obtained 157
genes that showed greater than a 1.8-fold induction or
suppression after removal of redundant transcripts and
statistically non-significant data. It is believed that these
genes are involved directly or indirectly in sorghum
defense responses against greenbug attack.

Co-regulation patterns of greenbug responsive genes

In the two different microarray analyses, some genes
responsive to greenbug feeding were found to be co-reg-
ulated in both microarray analyses. The microarray

analyses showed 72 upregulated genes in comparison of
Mi to Mni, and 82 upregulated genes in Mi–Ti compari-
son. Among the upregulated genes, 11 genes were com-
monly up regulated in bothmicroarray analyses (Fig. 3a).
The 11 genes commonly upregulated belong to various
functional categories such as cell wall fortification,
defense, signal transduction, oxidative burst/stress, devel-
opment, cell maintenance, and unknown function. On the
other hand, 12 genes were suppressed in the microarray
analysis between Mi and Mni, and 42 genes were down
regulated in the microarray analysis between Mi and Ti in
response to greenbug feeding. Out of a total of 54 down
regulated genes, two genes encoding catalase and WD
domain G-beta repeat containing protein were commonly
down regulated in both microarray analyses (Fig. 3b).

Functional classification of genes

A total of 157 genes differentially regulated in response
to the greenbug feeding were listed and categorized
according to the putative function of each gene

Table 1 Measurement of changes in the expression of genes responsive to greenbug phloem-feeding
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(Table 1). The signal intensity ratios of these genes from
the two microarray analyses were also provided in
Table 1. The putative functions of genes were inferred
from metabolic processes known to be related to each
gene. Even though some genes were involved in multiple
metabolic processes, they were classified according to

their main roles in plant metabolism. The sorghum genes
responsive to greenbug feeding were classified into nine
functional categories such as direct defense, signal
transduction, cell wall fortification, oxidative burst/
stress, photosynthesis, development, cell maintenance,
abiotic stress, and unknown function. The genes with

Table 1 (Contd.)

aBLASTX was used to determine homologous genes and putative functions of genes. BLASTN was used in case of failure to return any
hits by BLASTX
bValues of signal intensity ratios showing up- or down regulation more than a 1.8-fold were shaded with pale blue or yellow as in order.
The values of the signal intensity ratio were determined by calculating a median value of signal intensity ratios of replicates
cN/A indicates ‘Not available’ due to the low significance of data
dGenBank accession number. All cDNA sequences were submitted to the GenBank database
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unknown function occupy the greatest category, and the
group of signal transduction is ranked as the second
largest group, followed by the cell maintenance (Fig. 4).

Defense-related genes

A group of genes involved in biosynthesis of defense
molecules was either up- or down regulated by greenbug
feeding (Table 1). In total, 18 genes were involved in
direct defense responses and were differentially ex-

pressed in both microarray experiments. These genes
encode well-known defense molecules, including cysteine
proteinase inhibitors (CPIs), polyphenol oxidase, legu-
main, glucosidase, thionin, glucanase, cysteine protein-
ase and S-like RNase. A gene encoding CPI, a well-
known plant defense molecule against insect herbivory
(Botella et al. 1996), was induced from the earlier stage
(12 h) of greenbug infestation (Fig. 5) and maintained at
a high level of induction until 72 h post-infestation.
Polyphenol oxidase (PPO) catalyzes biosynthesis of ac-
tive quinones which are toxic to herbivores and patho-
gens due to their ability to produce indigestible modified
amino acids and proteins (Li and Steffens 2002). The
PPO gene was induced from 72 h of greenbug infesta-
tion (Fig. 5). Thionin is a cysteine-rich antimicrobial
protein induced by infection of fungi and bacteria (Oh
et al. 1999). Intense induction of the thionin gene (Thi)
was observed from 12 h to 72 h of greenbug infestation
(Fig. 5). The genes encoding Xa1 protein (Xa1) and
cytochrome P450 protein (CYP) were co-upregulated in
both microarray analyses. Xa1 is a bacterial blight-
resistance protein and known to confer resistance
against pathogen attack by recognizing pathogen-related
particles and eliciting defense responses in the cytosol
(Yoshimura et al. 1998). The expression of the Xa1 gene
was induced from 72 h of greenbug infestation, reversed
from suppression at 12 and 24 h (Fig. 5). The gene
encoding cysteine proteinase (CP) was induced from
72 h of greenbug infestation (Fig. 5). Pechan et al.
(2000) demonstrated that the CP gene was induced by
larval feeding, and CP participated in inhibition of
lepidopteran larvae growth in maize.

Genes involved in cell wall fortification

Nine genes involved in cell wall fortification were up- or
down regulated by greenbug infestation (Table 1). The
genes encoding caffeic acid O-methyltransferase
(COMT) and proline-rich protein (PRP) were co-up-
regulated in both microarray analyses. COMT partici-
pates in lignification of cell walls (Morreel et al. 2004),
and PRP is known to be one of the structural compo-
nents of cell walls, and involved in cell wall reinforce-
ment (Vignols et al. 1999). The COMT gene was induced
after 72 h of greenbug infestation in both microarray
analyses (Figs. 5, 6), and the PRP gene was upregulated
from 12 h after greenbug infestation (Fig. 6).

Signal transduction

As a whole, 26 genes involved in signal transduction
were expressed differentially in response to greenbug
feeding (Table 1). The number of genes in this cate-
gory makes up for the second greatest category, next
to the category of unknown function. Among these
genes, a gene-encoding Ras-GTPase activating protein
binding protein (Ras) was significantly up- or down

Fig. 1 Phenotypes of seedlings from different sorghum lines after
72 h greenbug infestation. a Seedlings of sorghum line M627 with
no greenbug infestation, harvested at the same time point with (b)
and (c). b Phenotype of M627 seedlings after 72 h greenbug
infestation (left). Closer view of 72 h greenbug infested M627
seedlings (right). c Phenotype of Tx7000 seedlings after 72 h
greenbug infestation (left). Closer view of 72 h greenbug infested
Tx7000 seedlings (right)
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regulated. The Ras-GTPase is known to play a crucial
role in controlling mitogen-activated protein kinases
(MAPKs) and transduces diverse signals in animals
(Shields et al. 2000). In Arabidopsis, Ras-GTPase is
absent and the role of Ras-GTPase is carried out by
Rop-GTPase (Li et al. 2001). The expression of Ras
showed reverse patterns between the two microarray
experiments. In the microarray analysis between Mi
and Mni, the Ras gene was induced from 72 h of
greenbug infestation, but suppressed in the analysis
between Mi and Ti from 12 h of greenbug infestation.
This suppression of Ras resulted from higher upregu-
lation of Ras in Ti than that of Mi at 72 h of the
infestation (Figs. 5, 6). A gene-encoding ankyrin-in-
duced protein was upregulated. Ankyrin regulates the
SA-dependent defense reactions, including systemic
acquired resistance (Lu et al. 2003).

Oxidative burst/stress

The genes encoding peroxidase (PX), gluthathion-S-
transferase (GST), catalase (CAT), and quinone oxido-
reductase (QR) were up- or down regulated by greenbug
feeding (Table 1). Both PX and CAT play a key role in
controlling ROS concentration, leading to oxidative
signal transductions (Kawano 2003). The CAT gene was
suppressed from 12 h of greenbug infestation, but the
PX gene was induced from 12 h of greenbug infestation

Fig. 2 Two scatter plots showing distribution of normalized
expression patterns of cDNA clones following the microarray
hybridizations. a Scatter plot of normalized log 2 intensities of Cy3
(Tx7000 greenbug-infested) versus log 2 intensities of Cy5 (M627
greenbug-infested). b Scatter plot of normalized log 2 intensities of
Cy3 (M627 non-greenbug infested) versus log 2 intensities of Cy5

(M627 greenbug-infested). Solid line represents a 1:1 ratio of signal
intensity. Dotted lines indicate 1.8-fold induction (upper-dot line) or
suppression (lower-dot line) of gene expression. Normalized
intensity ratios are shown for all features prior to data filtering
(intensity ratios of replicates were included)

Fig. 3 Venn diagrams of genes differentially expressed by greenbug
feeding in the two different microarray analyses. MM indicates the
microarray analysis between greenbug infested M627 and non-
greenbug infested M627, and MT indicates the microarray analysis
between greenbug infested M627 and greenbug infested Tx7000. a
Numbers of genes which were induced more than 1.8-fold in MM
and MT. b Numbers of genes which were suppressed more than
1.8-fold in MM and MT
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and reached a peak point at the 24 h time point (Fig. 5).
QR scavenges toxic free radical semiquinones using
divalent reduction, and was induced by oxidative stress
in Arabidopsis (Mano et al. 2002).

Abiotic stress responsive genes

Four genes encoding starch synthase (SS), heat shock
protein (Hsp), phytochelatin synthetase (PCS), and
ABA-water stress-ripening-induced protein (ASR)
showed differential regulation in response to greenbugs.
Up regulation of the SS gene was reported on wheat
under heat stress (Majoul et al. 2004), and rapid changes
in expression of the SS gene were also reported in water-

Fig. 4 Functional categories of
the sorghum genes responsive
to greenbug phloem-feeding. In
pie chart, values of percentage
indicate the proportion of a
number of genes in each
category to total number of
genes (157 genes), and the
functional categories were
annotated (right)

Fig. 5 Northern-blot confirmation of the cDNA microarray
analysis. Total RNAs were extracted from greenbug-infested
M627 and -uninfested M627 sorghum seedlings at 0, 12, 24, and
72 h after greenbug infestation for northern-blot analysis. Equi-
librium of RNA loading was verified by intensity of total RNA
bands. M M627 greenbug infested; C M627 untreated controls; SS
starch synthase; Thi sulfur rich/thionin protein; PX peroxidase;
H2A histone H2A; COMT caffeic-acid O-methyltransferase; CPI
cysteine proteinase inhibitor; Ras Ras GTPase activating protein
binding protein; PPO polyphenol oxidase; GIP gibberellin induced
protein; CAT catalase; CP cysteine proteinase

Fig. 6 Northern-blot confirmation of the cDNA microarray
analysis. Total RNAs were extracted from greenbug infested-
M627 and -Tx7000 sorghum seedlings at 0, 12, 24, and 72 h after
greenbug infestation for northern-blot analysis. Equilibrium of
RNA loading was verified by intensity of total RNA bands. M
M627 greenbug infested; T Tx7000 greenbug infested; Glu beta-
glucosidase; PRP proline rich protein; BGL beta-glucanase; Fd
Ferredoxin; P5CDH pyrroline-5-carboxylate dehydrogenase; AIP
auxin induced protein
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stressed wheat plants to control photoassimilation
(Ahmadi and Baker 2001). The SS gene was induced
from the 12 h of greenbug infestation, and gradually
increased its induction as extension of the infestation
(Fig. 5). Induction of the ASR gene for protection of
plant DNA under water-stressed condition is known to
be controlled by the phytohormone ABA (Riccardi et al.
1998). Two sorghum genes such as aldehyde oxidase
gene and drought-, salt-, and low temperature respon-
sive gene (DRT), which are known to be regulated by
ABA, were profiled in response to greenbugs (Zhu-
Salzman et al. 2004). Considering our results and pre-
vious reports, it is plausible that ABA participates in
regulating sorghum defense responses against green-
bugs.

Cell maintenance involved genes

As shown in Table 1, 25 genes involved in cell mainte-
nance showed differential expression by greenbug
infestation. Several genes encoding 40S- and 60S-ribo-
somal protein subunits were upregulated in both
microarray analyses. Differential expression of genes
encoding alpha- and beta-tubulin was also shown. A
gene encoding alpha tublin was upregulated by appli-
cation of Cis-jasmone, a well-known plant hormone
involved in defenses against insect herbivory (Birkett
et al. 2000). An actin-encoding gene was also upregu-
lated. Compositional changes of actin cytoskeletons in
plant cells were involved in defense events during path-
ogenesis (Kobayashi and Hakuno 2003). A gene
encoding aspartate aminotransferase (AAT) was down
regulated. AAT was known to play a pivotal role in
nitrogen and carbon metabolism, especially in C4-plants
and legumes (Silvente et al. 2003), and spression of the
AAT gene was reported in Penjalinan plants under a
drought condition (Aroca et al. 2003). The gene encod-
ing histone H2A (H2A) was induced from 12 to 24 h of
greenbug infestation, and reversed to suppression from
72 h of greenbug infestation (Fig. 5). Intense induction
of H2A gene was reported in drought stressed hot
pepper plants (Park et al. 2003).

Genes involved in development

A group of genes encoding auxin induced protein (AIP),
GA induced protein (GIP), and seed maturation protein
was either up- or down regulated by greenbug feeding. A
gene encoding AIP was co-upregulated in both micro-
array analyses (Table 1). The GIP gene was induced
from 72 h of greenbug infestation, and the AIP gene was
also upregulated from 72 h of greenbug infestation
(Figs. 5, 6). The plant hormones such as auxin and GA
have been widely known to be involved in the plant
development. They also negatively affect expression of
several defense genes in plants, and show antagonistic
relationships with defense-related hormones such as
ABA and ET (Mayda et al. 2000).

Photosynthesis-related genes

A number of genes involved in photosynthesis were
up- or down regulated by greenbug feeding (Table 1).
Ferredoxin (Fd) is an iron–sulfur containing protein
mainly located in chloroplast photosystem I, and pro-
motes harpin-mediated HR (Dayakar et al. 2003). The
Fd gene was induced from 12 h of greenbug infestation
(Fig. 6). Various biotic- and abiotic-stresses, including
plant hopper phloem-feeding in rice, cause suppression
of photosynthesis (Watanabe and Kitagawa 2000). This
suppression is attributed to the redistribution of energy
to reinforce defense responses (Zhu-Salzman et al. 2004).
Our data showed prevalent induction of photosynthesis-
related genes in the microarray analysis between Mi and
Ti (Table 1). It is plausible that severe damage inflicted
on seedlings of Ti by greenbug feeding caused irrecov-
erable failure of photosynthetic machineries, leading to a
decrement of expression of photosynthesis-related genes
in Ti.

Genes of unknown function

The genes with unknown function ranked as the largest
one in all nine categories (Fig. 4). A total of 46 cDNAs
failed to hit any matched sequences from the GenBank
databases by the BLAST search or matched to se-
quences whose functions have not been characterized
yet. Five genes of unknown function were co-upregu-
lated, and two were reversely regulated in the two
microarray analyses (Table 1). Some of them showed
strong up- or down regulation by greenbug feeding. This
implies that these genes are intimately involved in reg-
ulation of sorghum defense responses against greenbugs.

Discussion

In this study, two sorghum lines possessing contrastive
characteristics of greenbug resistance were used for
cDNA subtraction and microarray experiments to
maximize the possibility of profiling genes responsive to
greenbug feeding. In these comparative analyses with a
3.5 K cDNA microarray, a total of 157 transcripts were
identified to be responsive to greenbug feeding. The
resultant profiles are more comprehensive than other
aphid-induced gene profiles reported earlier (Moran
et al. 2002; Voelckel et al. 2004; Zhu-Salzman et al.
2004). These comparative approaches not only allowed
us to profile genes which were unable to be identified in
the previous studies, but also confirm the genes previ-
ously identified to be responsive to greenbug feeding.
Compared to a previous study (Zhu-Salzman et al. 2004)
conducted with a similar purpose, our results showed a
high level of consistent results, but also exhibited some
novel data contributing to a better understanding of
plant defense responses against greenbugs. It is believed
that most added results resulted from the use of two
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contrastive sorghum lines showing strong greenbug-
resistance and -susceptibility. Unlike previous reports
from Zhu-Salzman et al. (2004) and other groups, which
focused on aphid-induced responses of a susceptible host
plant, this study showed differential responses against
greenbugs by comparative analyses between resistant
and susceptible lines. Thus, the defense responsive genes
identified in the resistant source may contribute to a
strong resistance to greenbugs when compared with the
susceptible line.

Phloem-feeding aphids represent a special model in
studies of plant–insect interactions. When aphids attack
host plants, they penetrate plant tissues and probe in-
tercellularly with their stylet-like mouth parts to feed on
nutrients translocating via phloem-sieve elements. Once
the feeding structure is formed, the aphid can continue
feeding at the same site for several days. Consequently,
plants may have defense systems offering both quick and
long-lasting responses. Thus, it is important to select an
appropriate time point to profile the genes responsive to
greenbugs. Moran and Thompson (2001) showed that a
majority of aphid-induced genes, including genes which
induced systemic defenses, peaked at 3 days post-infes-
tation (dpi) in Arabidopsis. We therefore analyzed the
gene expression in sorghum plants at 3 dpi with green-
bugs. As a consequence of the difference in sampling
time and comparative analyses, the profiles obtained in
this study have a wide coverage of differentially ex-
pressed genes, especially these late-responsive genes,
when compared with the other profiles constructed using
greenbug-induced sorghum seedlings collected at 2 dpi
(Zhu-Salzman et al. 2004).

In our data, a portion of the genes was identified to
be regulated via SA- and JA-dependent signal cascades.
This supports a paradigm that phloem-feeding elicits
intermediary responses between wounding and pathogen
infection (Moran and Thompson 2001). During phloem-
feeding, aphids secrete saliva for multi purpose,
including lubrication of stylets, optimization of redox
conditions in plants, and prevention of plant defense
responses (Miles 1999; Moran et al. 2002). Plants
developed elaborate defense systems to confront these
elusive challenges by aphids. They recognize compo-
nents in aphid saliva that elicits reinforcement of plant
defense responses (Zhu-Salzman et al. 2005). In addi-
tion, plants take warning from perceiving elicitors re-
leased from greenbug feeding sites, which in turn triggers
the onset of plant defense responses (Schilmiller and
Howe 2005). Binding of the elicitor systemin to the
receptor SR160 activates phospholiapse, leading to the
release of linolenic acid, which is a precursor of JA
(Ryan and Pearce 2003). JA synthesized from linolenic
acid is strongly involved in the induction of defense re-
sponses against insect feeding, mechanical wounding,
and pathogen attack (Seo et al. 2001). Likewise, SA
controls defense signaling in response to pathogen at-
tack in plants. SA plays a pivotal role in regulation of
local- and systemic-defenses, including induction of HR
and SAR, as well as expression of pathogenesis-related

(PR) genes (Durner et al. 1997). In our profiles, several
genes elicited by SA and JA were identified to encode
diverse proteins, including CPI, polyphenol oxidase,
glucanase, catalase, ankyrin, cytochrome P450 mono-
oxygenase, glutathione-S-transferase, and stearoyl-acyl
carrier protein desaturase. Stearoyl-acyl carrier protein
desaturase (S-ACP-DES) plays a key role in JA- and
SA-dependent defense responses (Kachroo et al. 2004).
S-ACP-DES converts stearic acid (18:0) to oleic acid
(18:1). This conversion is a key step in maintaining the
level of unsaturated fatty acids, leading to the activation
of JA-mediated defense responses and repression of SA
signaling cascade (Kachroo et al. 2003). The differential
expression of the S-ACP-DES gene implies that inter-
actions occurred between JA and SA during elicitation
of sorghum defense responses against greenbug feeding.

For a deeper insight into the defense mechanisms of
sorghum against greenbug feeding, two different
microarray analyses were designed and performed.
Unlike the first expectation, patterns of gene regulation
in the two microarray analyses showed extensive dis-
similarities. The dissimilarities were probably attributed
to a severe difference in the level of damage inflicted on
the seedlings of Mi and Ti at the time of harvesting, as
well as differences in the genotypes between the two
sorghum lines. After 72 h of greenbug infestation, Mi
maintained healthy green seedlings nearly equal to those
from untreated control sorghum (Fig. 1a). In addition, a
portion of greenbugs infested on Mi fell down to the
ground and died with unidentified reasons. On the
contrary, Ti showed severe wilting and widespread
necrotic spots (Fig. 1b, c). The microarray analysis
between Mi and Mni showed an overall upregulation of
defense related genes in concurrence with up- and down
regulation of oxidative burst related genes. The genes
related to oxidative burst, encoding CAT, PX, and QR,
quench H2O2 generation that leads to the induction of
the defense responses in plants (Orozco-Cardenas et al.
2001). The up- and down regulation patterns of the
oxidative burst-related genes imply that ROS accumu-
lation and detoxification of ROS occurred simulta-
neously during greenbug feeding. The microarray
analysis between Mi and Ti showed an overall down
regulation of the CAT, PX, and QR genes with con-
current down regulation of several defense-related genes.
The reason for down regulation of defense-related genes
in spite of down regulation of oxidative burst-related
genes remains uncertain, but we assume that ROS burst
occurred intensely in Ti during the early stage of
greenbug feeding. Therefore, levels of ROS remained
high enough to induce defense-related genes before
harvesting seedlings of Ti, even though scavenging of
ROS has already begun. Strikingly, defense-related
genes were verified to be upregulated in both Mi and Ti.
For instance, our northern-blot analyses showed that
the genes encoding beta-glucosidase (Glu) and beta
glucanase (BGL) were much more highly induced in Ti
than the expression levels of those genes in Mi (Fig. 6).
The question remained about what factors caused Mi to
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possess a strong resistant phenotype to greenbug, com-
pared to a high susceptibility of Ti. Considering the re-
sults from both microarray analyses, reinforcement of
cell wall presumably played a crucial part in conferring
resistance to greenbugs in M627 line.

Reinforcement of cell walls is one of the major defense
strategies employed by plants (Minorsky 2002). Two
genes, COMT and PRP, were co-upregulated in both
microarray analyses, and the other genes involved in cell
wall fortification were also upregulated, respectively. In
our profiles, genes related to cell wall fortification include
cellulose synthase (Ces), glycosyl transferase (GLT), and
pyrroline-5-carboxylate dehydrogenase (P5CDH). The
Ces was upregulated by MeJA treatment on sorghum
seedlings, and differentially regulated by fungal infection
(Schenk et al. 2000; Salzman et al. 2005). GLT is known
to play a key part in cellulose synthesis, and P5CDH is
involved in the control of proline degradation (Holland
et al. 2000; Deuschle et al. 2004). Strong induction of the
P5CDH gene was observed in Ti from 12 h of greenbug
infestation on the contrary to a noticeably minor
induction at 24 h of greenbug infestation in Mi (Fig. 6).
This supports the idea that cell wall fortification played a
crucial part in a strong resistant phenotype in Mi
against greenbug feeding. However, a previous study
(Zhu-Salzman et al. 2004) showed the lack of cell wall
fortification-related genes when using only a susceptible
sorghum line challenged with greenbugs.

Here we presented the transcriptome profiles of sor-
ghum genes in response to greenbug phloem-feeding and
interpreted the regulation patterns of greenbug-respon-
sive genes in sorghum. In addition, the putative func-
tions of genes were identified and linked to plant
metabolic processes to understand mechanisms of sor-
ghum defense systems against greenbug phloem-feeding.
Some of the transcriptome profiles were verified to be
controlled by several molecular regulators, including
SA, JA, ABA, auxin, and GA. A gene encoding AIP,
which was co-upregulated in both microarray analyses,
was profiled. Two other genes encoding GA-induced
protein and another auxin-regulated protein were also
differentially regulated in response to the greenbug
feeding (Table 1). Precise roles of auxin and GA in de-
fense events against greenbug phloem-feeding have re-
mained elusive. Auxin homeostasis and maintenance of
capturing auxin signaling are important in mounting
defense responses (Mayda et al. 2000). GA is a well-
known growth regulator, but its role in defense events is
not clear. A previous study showed that a GA treatment
enhanced the germination rate of chick pea seeds, which
was repressed by salt stress by increasing amylase
activity and starch translocation rate (Kaur et al. 1998).
Interactions between plant and insect are extremely
complex, thereby much remains to be studied. In par-
ticular, investigation in the field of interactions between
phloem-feeding insects and plants has been much less
exploited and remains to be explored in spite of recent
progress. More studies are required to elucidate a
detailed mechanism of inducing plant defense responses

by phloem-feeding insects. Additionally, more efforts on
the interpretation of complex interactions among
molecular regulators will pave the way for understand-
ing the control mechanisms of defense events in plants.

In conclusion, using a combination of cDNA sub-
traction and microarray analysis, sorghum genes
responsive to greenbug phloem-feeding were profiled
and identified. In total, 157 transcripts verified to be
involved in defense responses against greenbugs were
obtained. Amongst the profiles, several genes, including
Thi and Xa1, were newly identified to be involved in
defense reactions on phloem-feeding herbivory. In
addition, the two molecular regulators, auxin and GA,
were verified to be involved in the regulation of defense
responses against greenbugs in sorghum. Lastly, cell wall
fortification proved to be an important factor in deter-
mining assignment of resistance to greenbugs.
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